Benign prostatic hyperplasia is a nonmalignant enlargement of the prostate that commonly occurs in older men. We show that liver X receptor (Lxr)-␣ knockout mice (lxr␣ Ϫ/Ϫ ) develop ventral prostate hypertrophy, correlating with an overaccumulation of secreted proteins in prostatic ducts and an alteration of vesicular trafficking in epithelial cells. In the fluid of the lxr␣ Ϫ/Ϫ prostates, spermine binding protein is highly accumulated and shows a 3000-fold increase of its mRNA. This overexpression is mediated by androgen hypersensitivity in lxr␣ Ϫ/Ϫ mice, restricted to the ventral prostate.
B
enign prostate hyperplasia (BPH) is a common disorder that affects 50% of 60-yr-old men (1) characterized by lower urinary tract disorders having severe effects on the quality of life. Three main forms of BPH have been described: glandular, fibrous, and muscular. Pharmacological treatment of BPH relies on two types of medications: 5␣-reductase inhibitors, such as finasteride, which inhibit the conversion of testosterone into dihydrotestosterone (DHT) (2) , and ␣-blockers, such as prazosin, which block the ␣-adrenergic receptor in the smooth muscle helping to relax prostate-associated muscle fibers (3) . In addition to pharmacological treatment, transurethral prostate resection is the reference surgical procedure.
Androgens are important in prostate embryonic development as well as in the adult prostate (4) , and androgenmediated signaling plays a central role in the etiology of prostatic hypertrophy. Androgen receptor (AR; NR3C4) belongs to the nuclear hormone receptor superfamily and is activated by DHT or testosterone (5, 6) . Interestingly, inhibition of testosterone conversion into DHT, the major active androgen within the prostate (7) , is one of the most effective pharmacological treatments of BPH (2) . Cunha (8) has extensively described the role of mesenchymalepithelial interactions in normal and pathological prostate development as well as adult prostate homeostasis. Com-binations were made between mesenchymal and epithelial tissue derived from normal embryos or mice with the mutation Tfm (9) (testicular feminized) in AR, which inhibits its function and makes animals insensitive to androgens. Different combinations of urogenital mesenchyme (UGM) and urogenital epithelia (UGE) demonstrated that mesenchymal-epithelial interactions were necessary for prostate development. Moreover, AR signaling in epithelial cells is not sufficient for the morphological development of the prostate, whereas mesenchymal AR is necessary and sufficient. In addition, these experiments demonstrate the existence of paracrine factors synthesized by mesenchymal cells in response to androgens that regulate the function and survival of epithelial cells.
Recent studies identified liver X receptors (LXR) as factors involved in prostate physiology (reviewed in Ref. 10) . LXR␣ (NR1H3) and LXR␤ (NR1H2), two members of the nuclear receptor superfamily, are bound by oxidized forms of cholesterol known as oxysterols. Activated LXR stimulate expression of target genes involved in lipid metabolism (11, 12) . Interestingly, LXR ligands such as synthetic T0901317 have antiproliferative effects on the prostate cancer cell line LNCaP (13) . We have previously shown that LXR activation also leads to LNCaP cell death by apoptosis as well as inhibition of tumor growth in xenograft models (14) . Moreover, LXR activity can be downregulated by AR in LNCaP cells at the promoter level (15) . This regulation implies the involvement of the N-terminal domain of AR. Conversely, constitutive activation of Lxr␣ in the liver activates androgen catabolism in mice (16) . Kim et al. (17) demonstrated that Lxr␣-deficient mice were characterized by several BPH-like features such as dilated prostatic ducts, hyperproliferative epithelium, and hypertrophic stroma. The authors suggested that this phenotype resulted from stromal compartment alterations but did not provide any mechanism to explain the BPH phenotype. Moreover, knowing the crucial role of androgens in prostate homeostasis, we hypothesized that this phenotype was in part due to alterations of androgen signaling. Neither the specific role of each compartment in phenotype establishment nor the specific role of the androgenic pathway has previously been investigated.
The aim of this study was to understand how Lxr␣ could be involved in prostate physiology and whether Lxr␣ could interfere with androgen signaling in vivo, which could account for the BPH-like phenotype in mice defective for this nuclear receptor.
Materials and Methods

Animal care and animal experiments procedure
Lxr-knockout mice [lxr␣ Ϫ/Ϫ , lxr␤ Ϫ/Ϫ , and lxr␣␤ Ϫ/Ϫ (18)] and wild-type (WT) mice were maintained on a mixed strain background (C57BL/6:129Sv) and housed in a temperature-controlled room with 12-h light, 12-h dark cycles. They were fed ad libitum with water and Global-diet 2016S (Harlan, Gannat, France). Eight-to 12-month-old mice were anesthetized by ketamine/xylasine; blood was collected by cardiac puncture, whereupon animals were killed by cervical dislocation and organs harvested. Some mice were surgically castrated at 6 months of age. Three weeks after the surgical procedure, castrated mice received two daily im injections of 75 g/kg testosterone propionate for 1 wk (Sigma-Aldrich; L'Isle d'Abeau, France) to allow the prostate to regenerate. Animals were then killed and the ventral prostate (VP) lobes were collected for various analyses. For antiandrogen experiments, 6-month-old mice were daily gavaged with the antiandrogen bicalutamide (12 mg/d/kg, Casodex; AstraZeneca, Rueil-Malmaison, France) or with vehicle methyl-cellulose. All the chemicals were from Sigma-Aldrich unless otherwise indicated. All mouse experiments were performed in agreement with the local ethic committee (no. CE26-11).
Anatomy and pathology analyses
VP lobes were collected, fixed in 4% PFA, and embedded in paraffin. Sections were stained with hematoxylin/eosin or Masson's trichrome and analyzed with an Axioplan 2 microscope (Carl Zeiss Vision GmbH, LePecq, France). For electron microscopy, samples were fixed in 2% glutaraldehyde-0.5% paraformaldehyde in cacodylate buffer at 4 C for 24 h. Fixed VP were subsequently postfixed for 1.5 h in buffered osmium tetraoxide at 4 C and embedded in Epon Araldite (Delta Microscopies, Ayguesvives, France). Ultrathin sections was stained with uranyl acetate and observed with a Hitachi H-7650 transmission electron microscope (Hitachi Elexience, Verrières-le-Buisson, France). Use of human samples was approved by the local ethical committee. Subjects received counseling and provided written consent for the study.
Mouse prostate epithelial cell establishment
The culture procedure was derived from methods developed for mouse vas deferens epithelial cells by Manin et al. (19) . Briefly, mouse prostate epithelial (MPE) cells were harvested from the VP lobes of 20-to 30-d-old lxr␣ Ϫ/Ϫ or WT mice and transferred onto cell culture insets (BD Falcon TM, Fontenaysous-Bois, France) coated with a thin layer of extracellular matrix gel (Sigma Aldrich) and cultured in complete medium [DMEM/F12 (50:50; Invitrogen, Oslo, Norway) supplemented with 0.5% fetal bovine serum (Biowest, Nuaillé, France), cholera toxin (10 ng/ml), epidermal growth factor (5 ng/ml), gentamycin (100 g/ml), insulin (5 g/ml), transferrin (10 g/ml), L-glutamine (2 mM), HEPES (20 mM), ethanolamine (0.6 g/ml), cAMP (25 g/ml), selenium (17.3 ng/ml), and hydrocortisone (10 nM)].
Cell immunofluorescence and lysosomal labeling
MPE were fixed in 4% paraformaldehyde and permeabilized in PBS Triton X-100 0.1%. Detection were performed using antirabbit EEA1 (Abcam, Paris, France) and antimouse tubulin (BD Transduction Laboratories, Le Pont de Claix, France) antibodies and revealed with Alexa 488-conjugated antirabbit and Alexa 555-conjugated antimouse immunoglobulins (Invitrogen). For lysosomal analysis, MPE were incubated in minimal medium containing 50 mM of lysotrackerRed (Invitrogen).
Cell culture and transient transfection
Mouse embryonic fibroblast (MEF) were transfected 24 h after seeding with 1 g of the luciferase reporter construct ARE-TK-LUC (20) in combination with 500 ng or 1 g of pSG5-hAR using Lipofectamine 2000 (Sigma-Aldrich). After transfection, cells were starved for 12 h in a basal medium without growth factors and were then cultured in DMEM in the absence or the presence of 1 nM DHT (Sigma-Aldrich) for 24 h. Luciferase activity was measured using luciferase assay kit (Promega, Charbonnières-les-Bains, France).
Hormone measurement
Plasma testosterone was extracted with ethyl acetate-cyclohexane as previously described (21) and measured by RIA. The limit of detection of the testosterone assay was 6 pg/tube, and the intraassay coefficient of variation was less than 12%. The antiserum cross-reacted with 5␣-dihydrotestosterone (65%), 5␤-dihydrotestosterone (49.5%), androstenedione (0.7%), and less so with other steroids (Ͻ0.1%).
Intraprostatic DHT was quantified using an enzymatic immunoassay kit from Diagnostics Biochem Canada Inc. (London, Canada) (22) . Briefly, ventral prostate lobes were homogenized with tissue lyser (QIAGEN, Les Ulis, France) in a solution of PBS-0.1 mg/ml BSA. DHT concentration in the homogenate was determined according to the manufacturer's instructions.
Quantitative PCR
mRNA were extracted using the NucleoSpin RNA II kit (Macherey Nagel EURL, Hoerdt, France). cDNA was synthesized with 200 U of Moloney murine leukemia virus-reverse transcriptase (Promega), 5 pmol of random primers (Promega), 40 U RNAsin (Promega), and 2.5 mM deoxynucleotide triphosphate. Quantitative PCR was performed on a Mastercycler ep Realplex (Eppendorf, LePecq, France) using MESA GREEN quantitative PCR masterMix Plus for SYBR (Eurogentec, Angers, France). Sequences of the primers used are listed in Supplemental Fig. 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org.
Coomassie blue gel and liquid chromatography and tandem mass spectrometry analysis
Proteins were extracted using HEPES 20 mM, NaCl 0.42 M, MgCl 2 1.5 mM, EDTA 0.2 mM, and Nonidet P-40 1% supplemented with phenylmethylsulfonyl fluoride (PMSF) 1 mM (Sigma-Aldrich), protease inhibitor (Complete 1X; Roche Molecular Biochemicals, Meylan, France), NaF 0.1 mM, and Na 2 VO 3 0.1 mM (Sigma-Aldrich). Total proteins were loaded on Mini-PROTEAN TGX 4 -15% precast gels (Bio-Rad Laboratories, Marnes la Coquette, France), and gels were stained with Coomassie brilliant blue G-250 (Bio-Rad Laboratories). Protein bands were excised, destained, and submitted to tryptic digestion, as previously described (23) . Briefly, positive ion matrixassisted laser desorption ionization mass spectra were recorded in the reflectron mode of a matrix-assisted laser desorption ionization-time of flight-mass spectrometry (Voyager DE-Pro; Applied Biosystems, Carlsbad, CA). The Mus musculus Swissprot database was queried using Mascot software. The following parameters were considered for the searches: a maximum ion mass tolerance of Ϯ25 ppm, partial oxidation of methionine, and one maximum miss cleavage.
Western blot analysis
Total proteins were subjected to denaturing SDS-PAGE and transferred to nitrocellulose Hybond-ECL membrane (GE Healthcare Life Sciences, Velizy-Villacoublay, France). Detections were performed using antibodies raised against ␤-actin (Sigma-Aldrich), AR (PG21; Millipore, Euromedex, Mundolsheim, France), or pan-prostate secretions (a kind gift from Dr. C. Abate-Shen, Department of Medicine, Columbia University Medical Center, New York, NY) and revealed with peroxidaseconjugated antirabbit IgG (P.A.R.I.S, Compiègne, France) using a Western Lightning System kit (PerkinElmer, Villebon sur Yvette, France).
Chromatin immunoprecipitation
Ventral prostates were harvested and homogenized in 200 l of cell lysis buffer (5 mM 1,4-piperazine diethane sulfonic acid PIPES, 85 mM KCl, 0.5% Nonidet P-40) supplemented with PMSF 1 mM, and protease inhibitors one time. After centrifugation chromatin complexes were fixed by 1% formaldehyde/ PBS for 15 min at room temperature. Fixation was stopped by the addition of glycine (125 mM final). After centrifugation, pellets were washed twice in PBS supplemented with 1 mM PMSF and protease inhibitors. Nuclei were then lysed 45 min on ice in nucleus lysis buffer [50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 1% sodium dodecyl sulfate], and chromatin was sheared by sonication. Chromatin was then precleared 2 h at 4 C in 500 l immunoprecipitation (IP) buffer [0.01% sodium dodecyl sulfate, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl (pH 8.1) and 167 mM NaCl] containing 30 l of Dynabeads Protein A (Invitrogen). The beads were subsequently discarded with MagnaRack (Invitrogen) and the sample was split in two identical fractions. Immunoprecipitation was performed overnight at 4 C with 5 g of negative control IgG (Diagenode, Liège, Belgium) or specific anti-AR antibody (Millipore). Beads were washed six times in cold IP buffer and elutions were performed according to Chelex protocol (Bio-Rad Laboratories). Before PCR, chromatin samples were further purified using Qiaquick PCR purification columns (QIAGEN) and eluted in 30 l of water. PCR was performed on 2 l of eluted chromatin using GoTaq (Promega).
PCR was performed with the following primers: fkbp5, 5Ј-ACCCCCATTTTAATCGGAGAAC-3Ј and 5Ј-TTTTGAAG AGCACAGAACACCCT-3Ј;sbp,5Ј-GCCCCTACTGACCCAG TATAGC-3Ј and 5Ј-GAACTTTGTTTTCTGCTTATCCCT CAG-3Ј; and pbsn, 5Ј-ATACTAAATGACACAATGTCAA TG-3Ј and 5Ј-CCCCAACACATTTGTTATTCTC-3Ј. The targeted androgen-responsive element-containing sequences for the sbp and fkbp5 promoters were designed as previously described (24, 25) .
Urogenital sinus dissection and subrenal prostate regeneration
Urogenital sinuses were collected from embryonic d 16.5 embryos and dissected into UGE and UGM as previously described (26) . Briefly, dissected tissues were carefully digested with 10% trypsin at 4 C for 60 min and subsequent digestion with deoxyribonuclease (10 mg/ml; Roche). After 5 min, digestion was stopped with dissecting media (DMEM supplemented with 10% fetal bovine serum, penicillin-streptomycin, and glutamine; Invitrogen). The mesenchyme (UGM) was separated from the epithelium (UGE). Mesenchymes and epithelia were mixed in type 1 collagen prepared extemporaneously (collagen, NaOH 1N; BD Biosciences). Four recombinations were generated: UGE WT / UGM WT ; UGE lxr␣Ϫ/Ϫ /UGM lxr␣Ϫ/Ϫ ; UGE WT /UGM lxr␣Ϫ/Ϫ ; and UGE lxr␣Ϫ/Ϫ /UGM WT . After collagen polymerization at 37 C, the recombinants were cultured at 37 C, 5% CO 2 in dissecting media supplemented with 10 Ϫ7 M DHT (Sigma-Aldrich) for 24 h before grafting under the kidney capsule in anesthetized male nude mice (Charles River, L'Arbresle, France) (26, 27) . After kidney repositioning, mice were sutured. The grafts were harvested 8 wk after surgery. All mouse experiments were performed in agreement with the local ethic committee (no. CE21-11).
Statistical analysis
Values are expressed as means Ϯ SEM. Statistical comparisons were performed using a two-tailed Student's t test. A P Ͻ 0.05 was considered statistically significant. Therefore, most of the subsequent experiments were carried out using the lxr␣ Ϫ/Ϫ genotype. Macroscopic analysis ( Fig. 1C) showed that lxr␣ Ϫ/Ϫ mice had urine-filled bladders, a sign of urinary flow obstruction usually observed in BPH patients. Histological analysis showed that prostatic ducts were aberrantly dilated (Fig. 1, D and E) and filled up with large amounts of secretion fluid, which could account for the increase in VP weight. Interestingly, this phenotype was restricted to VP (Supplemental Fig. 2A ). These histological features are similar to dilated glands observed in some BPH patients (Fig. 1F) . However, no evidence of fibrous nodule formation was found in our cohort as previously described (17) . Altogether these observations suggested that the enlarged VP phenotype could result from the deregulation of epithelial secretion activity. To further evaluate a potential secretory phenotype, VP tissue sections were analyzed by electron microscopy. These experiments showed larger secretion vesicles (Fig. 2, D and E) filled with a filamentous content (Fig. 2F) 2B ). There is no compensation of lxr isoform expression in each genotype (Supplemental Fig. 2C ). Altogether these data suggested that there were an abnormal vesicle trafficking and vesicle structures in the VP of lxr␣ Ϫ/Ϫ mice. (Fig. 4A) . These observations were confirmed by Western blot using an antiserum directed toward the whole secretory content of mouse prostatic fluid (29) in isolated secretions and in cell lysates from WT and lxr␣ Ϫ/Ϫ mice (Fig. 4B) . Both experiments showed strong accumulation of a 30-kDa protein in WT samples (band 1). This signal was absent from lxr␣ Ϫ/Ϫ samples. However, these samples were characterized by the strong accumulation of a 22/25 kDa protein (band 2) (Fig. 4B) . Surprisingly, mass spectrometry analysis showed that both bands contained the same protein identified as SBP (Fig. 4C) . The molecular weight discrepancy could result from differential posttranslational modifications. Indeed, SBP is known to be a highly glycosylated protein, which can be detected at multiple molecular weights (30) . We further investigated the mechanisms of SBP deregulation by analyzing sbp expression using quantitative RT-PCR. This showed that sbp mRNA accumulation (Fig. 4D) Sbp over accumulation in lxr␣ Ϫ/Ϫ mice is mediated by androgens SBP is the most abundant protein within the prostatic fluid and its accumulation is tightly regulated by androgens (24, 31) . To investigate whether the higher accumulation of SBP in the VP of lxr␣ Ϫ/Ϫ mice resulted from increased levels of androgens, the plasma testosterone level was evaluated. As shown in Fig. 5A , plasma testosterone was significantly increased by 2-fold in Lxr␣-lacking mice compared with WT. The increased circulating testosterone level can be explained by the increase of sts (steroid sulfatase), a mRNA-encoding enzyme that converts sulfoned androgens into active metabolites in both the liver and VP. In contrast, sult2a1 (sulfotransferase 2a1) was undetectable in the VP and its expression was unaltered in the liver (Supplemental Fig. 3 ) (16) . Even though testosterone was higher in lxr␣ Ϫ/Ϫ mice, the concentration of DHT, the active androgen in the prostate, was not significantly altered by Lxr␣ ablation (Fig. 5A) . Likewise, AR protein accumulation was not altered in the VP of lxr␣ Ϫ/Ϫ mice (Fig. 5B) . We thus concluded that increased ligand production or receptor expression was
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Vesicular trafficking is altered in epithelial cells
FIG. 3. Vesicular trafficking is altered by Lxr ablation. A, WT and lxr␣
Ϫ/Ϫ MPE were immunostained using anti-EEA1 (a and d) and antitubulin (b and e) antibodies. The EEA1 labeling demonstrated that endosomal vesicles were smaller in lxr␣ Ϫ/Ϫ vs. WT. Lysotracker analysis (g, i, j, and l; Invitrogen) was performed in MPE cells. Cell nuclei were stained with Hoechst. Lysotracker analysis showed that lysosomes were smaller and less abundant in lxr␣ Ϫ/Ϫ vs. WT. Bar, 20 m. B, Schematic representation of the main proteins involved in secretion machinery in epithelial cells. Eea1, Early endosome antigen 1; Synpr, synaptoporin; Syngr, synaptogyrin; Lamp1, lysosomal-associated membrane protein 1; Golgb1, golgin B1; Rab27b, RAS oncogene family. C, mRNA relative accumulation levels of synpr1, syngr, lamp1, golgb1, and rab27b was measured in 9-to 12-month-old animals by quantitative PCR and normalized using 18s (n ϭ 7-10). *, P Ͻ 0.05, **, P Ͻ 0.01 compared with WT.
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Endocrinology, July 2012, 153(7):3211-3223 unlikely to account for the huge increase in sbp expression resulting from Lxr␣ ablation. We then analyzed whether the increase in sbp expression in lxr␣ Ϫ/Ϫ VP was directly dependent on androgens by performing castration and testosterone complementation experiments (Supplemental Fig. 4 ). As expected, castration abolished sbp accumulation in the VP of WT mice (Fig. 5C, white bars) . The same drastic decrease was observed in lxr␣ Ϫ/Ϫ mice, although the reduction was not as pronounced as in WT mice. Interestingly, testosterone treatment restored sbp expression in both WT and lxr␣ Ϫ/Ϫ castrated-mice (Fig. 5C, black bars) , confirming that sbp expression was regulated by androgens in both genotypes. Careful examination of these data showed that sbp accumulation was much higher after testosterone propionate treatment in lxr␣ Ϫ/Ϫ mice (439-fold induction) compared with WT (122-fold induction). Furthermore, pharmacological inhibition of AR by the antiandrogen bicalutamide (Fig. 5D ) resulted in decreased accumulation of sbp transcript both in WT (1.69-fold inhibition) and lxr␣ Ϫ/Ϫ mice (2.78-fold inhibition). However, sbp accumulation was still higher in lxr␣ Ϫ/Ϫ than in WT VP after bicalutamide treatment. Castration, testosterone supplementation, and bicalutamide treatment were validated by histology analysis and prostate weight measurement (Supplemental Fig.  4 ). Altogether these data show that even though androgens are clearly involved in the regulation of sbp expression in VP of lxr␣ Ϫ/Ϫ mice, these mice still express higher amounts of sbp upon total androgen depletion (castration) or when AR is blocked (bicalutamide). We thus concluded that sbp accumulation per se was hypersensitive to androgens in lxr␣ Ϫ/Ϫ mice.
Basal sbp accumulation was significantly higher in castrated lxr␣ Ϫ/Ϫ than in WT mice (Fig. 5C) . Some Lxr target genes show increased expression in Lxr-knockout mice in the absence of oxysterol stimulation such as star in the adrenal gland (18) . This suggested that sbp could be a bona fide Lxr␣ target gene. To test this hypothesis, WT mice were gavaged short-term with T0901317, a synthetic LXR agonist. Neither alteration of sbp level nor other androgen target genes such as fkbp5 and pbsn were seen in T0901317-gavaged mice (Supplemental Fig. 5 ), ruling out a direct regulation of sbp expression by Lxr␣. These observations suggest that Lxr␣ indirectly affects basal sbp expression, resulting in increased androgen sensitivity.
Androgen hypersensitivity in lxr␣ Ϫ/Ϫ mice targets specific genes and is restricted to the VP Next, we sought to determine whether the abnormal androgen response was VP specific or was also present in other tissues. Protein accumulation profiles were analyzed in several androgen-dependent tissues of the genital tract: dorsolateral and anterior prostates, epididymis, testis, vas
FIG. 4. Lxr␣
Ϫ/Ϫ ventral prostate exhibits an overaccumulation of the secreted protein SBP. A, Secretion protein lysates of WT and lxr␣ Ϫ/Ϫ ventral prostates were resolved using 4 -15% SDS-PAGE migration and the gel was stained with Coomassie Blue. B, Western blot analysis using antiprostate secretory protein immune serum was performed on samples of whole-prostate protein extracts or on prostate secretion only, from WT or lxr␣ Ϫ/Ϫ mice. C, The protein spots (arrows 1 and 2 in A) were excised from the gel (A) and analyzed by mass spectrometry, and SBP protein was identified and found to be highly accumulated in secretions from lxr␣ Ϫ/Ϫ VP compared with WT. D, mRNA relative accumulation levels of sbp were measured in 9-to 12-month WT, lxr␣ Ϫ/Ϫ , lxr␤ Ϫ/Ϫ , and lx␣r␤ Ϫ/Ϫ animals by quantitative PCR and normalized using 18s. Sbp expression was 3000-fold higher in lxr␣ Ϫ/Ϫ VP compared with WT and is 3-fold higher in lxr␤ Ϫ/Ϫ compared with WT. Sbp transcript accumulation remains unchanged in lxr␣␤ Ϫ/Ϫ compared with WT (n ϭ 7-10). *, P Ͻ 0.05, ***, P Ͻ 0.001 compared with WT.
Endocrinology, July 2012, 153 (7):3211-3223 endo.endojournals.orgdeferens, and seminal vesicles. There was no clear difference between the migration profiles of WT and lxr␣ Ϫ/Ϫ samples (Fig. 6A) . This provided evidence that the abnormal response to androgens was restricted to the VP. We next investigated whether sbp was the only androgen-regulated gene to have its expression altered in the VP by analyzing the expression of several androgenregulated genes by quantitative RT-PCR. These included svs2 (seminal vesicle secretion-2) (32), spp1 (secretory prostatic protein-1) (33), fkbp5 (fk506 binding protein prostate-5) (25), acpp (acid phosphatase, prostate protein) (34) , calR (calreticulin) (35) , and pbsn (probasin) (36) . Analysis of the PCR data allowed stratification of the genes into distinct categories (Fig. 6B) : genes with increased basal expression (svs2 and spp1); genes with unaltered expression (fkbp5, acpp and calR); and pbsn whose basal accumulation was significantly decreased by Lxr␣ ablation.
To gain insight into the molecular mechanisms accounting for these discrepancies, AR recruitment on the promoters of these genes was analyzed by in vivo chromatin immunoprecipitation. Surprisingly, the recruitment of AR to androgen-responsive element sequences of sbp, pbsn, and fkbp5 promoters was unaltered by ablation of Lxr␣ (Fig. 6 , C and D, and Supplemental  Fig. 6 ). The similar recruitment of AR on target promoters in both WT and knockout VP suggested that Lxr␣ could act through an indirect route to modulate intrinsic AR transcriptional activity.
To test this hypothesis, WT and lxr␣
MEF were transfected with the androgensensitive construct AREtk-Luc in the presence or absence of an AR expression vector (Fig. 6E) . As expected, Lxr␣ was present and functional in WT MEF cells (data not shown). Treatment with DHT in the absence of AR transfection induced a moderate increase in activity of the androgen-sensitive luciferase reporter construct (1.6 fold) in WT MEF. This mild induction was not found in lxr␣ Ϫ/Ϫ MEF. As expected, androgen-responsiveness of the construct was further increased to 12-fold after AR transfection in WT cells. Surprisingly, there was no alteration of androgen responsiveness in lxr␣ Ϫ/Ϫ MEF upon AR transfection. This suggested that Lxr␣ did not directly alter intrinsic AR transcriptional efficiency.
FIG. 5. Sbp expression deregulation in lxr␣
Ϫ/Ϫ mice is mediated by androgens. A, Testosterone concentrations were measured in the plasma of WT and lxr␣ Ϫ/Ϫ mice. Circulating testosterone was significantly increased in lxr␣ Ϫ/Ϫ (n ϭ 25) compared with WT (n ϭ 25) mice. The active androgen metabolite, DHT, was measured in the VP of WT and lxr␣ Ϫ/Ϫ mice. DHT levels were unchanged in the ventral prostate (n ϭ 25). B, Basal AR accumulation determined by Western blot. As observed, this accumulation is unchanged in lxr␣ Ϫ/Ϫ VP. *, P Ͻ 0.05. C, Sbp accumulation in 5-to 6-month-old WT or lxr␣ Ϫ/Ϫ castrated (castr.) mice. Three weeks after castration, castrated mice were injected with 75 g/kg of testosterone (testo) twice a day for 1 wk. Castration caused a large decrease of sbp in WT and lxr␣ Ϫ/Ϫ mice. Testosterone injection led to a larger recovery of sbp expression in the VP of lxr␣ Ϫ/Ϫ compared with WT mice, suggesting an androgen hypersensitivity in lxr␣ Ϫ/Ϫ (n ϭ 7). *, P Ͻ 0.05 compared with sham WT mice. D, Five-to 6-month-old WT and lxr␣ Ϫ/Ϫ mice were treated with bicalutamide at a daily oral dose of 12 mg/kg for 21 d. Bicalutamide caused a 2.78-fold decrease of androgendependent sbp expression in lxr␣ Ϫ/Ϫ mice (1.69-fold decreased in WT mice) (n ϭ 7-9). *, P Ͻ 0.05 compared with vehicle.
Lxr␣ coordinates stroma/epithelium functions to control the androgen-dependent secretory activity of the ventral prostate in mice Androgen action on the prostate is the result of a complex paracrine network between stromal cells and epithelium (8) . Integration of androgen signal is, in part, supported by the stromal compartment which is necessary for epithelium maintenance and survival (8) . To investigate whether stromal/epithelial interactions could be involved in the development of enlarged VP ducts and increased accumulation of SBP, we generated chimeric recombinant prostates derived from embryonic WT or lxr␣ (24) . Eight weeks after grafting, the four types of recombinants had grown and presented a similar gross morphology characterized by differentiated prostatic lobes with enlarged tubules filled by accumulated secretions (Fig. 7A) . Ar transcript accumulation was not altered in the different genotypes combinations. Sbp mRNA accumulation was strongly increased (767-fold accumulation) in the UGE lxr␣Ϫ/Ϫ / UGM lxr␣Ϫ/Ϫ compared with the UGE WT / UGM WT recombinants (Fig. 7B ). This showed that this phenotype was intrinsically prostatic because the recombinants were grafted in WT nude mice. Interestingly, Sbp accumulation, the marker of the BPH-like phenotype, was not significantly altered when the mutant UGM was combined with the WT UGE or when the mutant UGE was combined with the WT UGM (Fig. 7B ). This demonstrated that sbp deregulation originates from combined stromal and epithelial lxr␣ Ϫ/Ϫ ablation. In contrast, Spp1 expression was deregulated when Lxr␣ was deleted in the epithelium alone or in combination with the mesenchyme. However, in the mesenchyme alone, Lxr␣ ablation had no effect on Spp1 expression. We therefore concluded that Lxr␣ played a physiological role in both the stroma and epithelium. We further showed that the contribution of one or the other compartment to the phenotype was gene specific.
Discussion
In this report we show that a BPH-like phenotype of lxr␣ Ϫ/Ϫ mice is characterized by increased secretory activity of the epithelium. Our work using UGE/UGM recombinations provides evidence that Lxr␣ is involved both at the stromal and the epithelial levels. Indeed, androgen-regulated gene expression is deregulated alternatively by lxr␣ ablation in both compartments. Using lxr␣ Ϫ/Ϫ mice, we found that neither androgen levels in prostate, nor AR recruitment in targeted-sequences was altered. It can thus be concluded that the observed deregulation of androgen signaling in prostate results from a complex paracrine network between the epithelium and stroma.
Lxr␣ and Lxr␤ play an important role in prostate epithelium homeostasis in other lobes, specifically when the mice are challenged with a high-cholesterol diet (Pommier et al., submitted data). As already mentioned, the human and murine prostates are architecturally different. Nevertheless, the gene expression pattern of the peripheral and central zones in human is closely related to the murine dorsolateral and ventral lobes, respectively (37). These observations highlight that the molecular signature of regionalization in the prostate is an important process conserved between the two species. Given that each lobe harbors specific features, it could be hypothesized that lxr␣ ablation results in a different phenotype according the prostate lobes in vivo. Consistent with our findings, lxr␣ Ϫ/Ϫ mice have been described to recapitulate "several BPH-like features" according to Kim et al. (17) . These authors reported fibrous nodules, abnormal stroma growth, and lesions in the muscular compartment (17), whereas we mainly reported an epithelial phenotype. This apparent discrepancy could be due to the fact that the lxr␣ Ϫ/Ϫ strains were not similarly engineered (18, 38) .
The main function of the prostate epithelium is the production and the secretion of proteins that compose prostatic fluid. This secretion activity is tightly regulated in vivo by androgens that orchestrate the entire male genital tract capacity. A possible connection between LXR and AR has been previously suggested. DHT or synthetic androgen R1881 treatments result in decreased abca1 accumulation in LNCaP cells (39) , indicating that LXR target genes are sensitive to androgen stimulation. Krycer and Brown (15) showed that LXR were indeed required for the abca1 down-regulation in response to R1881 treatment. The association between the expression of LXR target genes and androgen sensitivity has also been described in xenograft models that recapitulate pharmaco-resistant prostate cancer (40) . In these tumors, fas, srebp1c, abca1, and cyp-27 gene expressions decrease during androgen insensitivity evolution. Interestingly, another partner of retinoid X receptor, the pregnane X receptor (NR1I2) has been demonstrated to inhibit androgen-dependent proliferation of LAPC-4 cells (41) . This raises the question whether LXR and pregnane X receptor could act through a similar molecular mechanism.
Given that lxr␣ ablation resulted in an aberrant production of androgen-regulated secretory proteins in the prostate, we investigated how Lxr␣ could interfere with androgen signaling in the epithelium. Indeed, transgenic mice that overexpressed a dominantpositive construct of Lxr␣ specifically targeted in liver (42) exhibit an inhibition of androgen-dependent prostate regeneration after castration (16), indicating that Lxr activation impacts androgenic responsive tissues. Hepatic Lxr␣ activation leads to decreased circulating testosterone levels by regulating genes such as sult2a1 and sts involved in androgen catabolism. In peripheral tissue, Lxr␣ controls androgens bioavailability through sts expression, which encodes the steroid sulfatase that desulfonates androgens to convert them into active metabolites. These data could explain the increase in testosterone levels observed in the plasma of lxr␣ Ϫ/Ϫ mice. Nevertheless, no modification of DHT accumulation or androgen receptor activity in androgen-regulated gene promoters was seen in the VP of lxr␣ Ϫ/Ϫ mice. Our findings indicate that the mechanism by which Lxr␣ regulates the response of andro- . Sbp expression is dependent of Lxr␣ in both the epithelium and stroma, suggesting that paracrine factors are involved. On the contrary, spp1 expression is strictly dependent on lxr␣ expression in the epithelium. Indeed, spp1 expression is similar to WT recombinant in the absence of Lxr␣ in the stromal recombinant prostates. These observations underline the multiple connections involved in the cross talk between LXR and AR.
Endocrinology, July 2012, 153(7):3211-3223 endo.endojournals.orggen-regulated genes results from a complex network. This could involve epithelial factors, AR cofactors, and/or paracrine interaction between the different cell compartments of the prostate. Consistent with this hypothesis, androgen-regulated gene expression exhibits different profiles in lxr␣ Ϫ/Ϫ mouse prostate. Although sbp accumulation increases in mice lacking Lxr␣, calr remains unchanged and pbsn decreases. These observations strongly support that several regulatory processes are involved. We schematized the putative role of paracrine interactions between epithelial and stromal cells in Fig. 8 . Prostate mesenchymal-epithelial interactions have a preponderant role in normal and pathological prostate development as well as in adult prostate homeostasis (8) . The role of AR has extensively been developed in the literature (8) . Here we identify Lxr␣ as a new actor that mediates epithelial physiology through its activity in both stroma and epithelium. Indeed, the absence of Lxr␣ in both prostate stroma and epithelium is necessary to develop prostate hypertrophy. Lxr␣ also mediates androgen signaling, as demonstrated by the numerous androgen-responsive genes dysregulated when Lxr␣ is missing. Indeed, normal spp1 gene expression needs Lxr␣ in epithelium, whereas the normal response of sbp to androgens by epithelium is dependent on Lxr␣ in both epithelial (directly) and stromal (indirectly) cells. The regulation of paracrine signals from the mesenchyme by lxr␣ might be one molecular mechanism.
Altogether these results demonstrate that Lxr␣ acts as a key modulator of the cross talk between the stromal and epithelial compartment, which is essential for the integration of androgen signaling in the prostate and its effect on the epithelium. Finally, identification of the set of genes targeted by Lxr␣ specifically in the prostatic ventral lobe in mice could be informative in understanding the BPH etiology in humans.
